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>@+RZHYHUQHZFRPSRQHQWSURSHUWLHV FDQEH UHDFKHGZLWK ILOOHG V\VWHPV7KHDLPRI WKLVZRUN LV WR VHWXSD









RI DSSUR[LPDWHO\ P 7KH WKHRU\ RI TXDVLLVRWKHUPDO ODVHU VLQWHULQJ VLJQLILHV WKDW SRO\PHU PHOW DQG SRZGHU
FRH[LVWVGXULQJWKHZKROHEXLOGLQJSURFHVV6HPLFU\VWDOOLQHSRO\PHUVIXOILOOWKHVHUHTXLUHPHQWVGXHWRDK\VWHUHVLV
EHWZHHQ WKHPHOWLQJDQGFU\VWDOOL]DWLRQ WHPSHUDWXUH$IWHUPDWHULDOFRDWLQJ WKHFURVVVHFWLRQRI WKHFRPSRQHQW LV
IXVHG WKURXJK D &2 ODVHU FRQWUROOHG E\ D VFDQQLQJ V\VWHP ,Q FRQWUDVW WR FRQYHQWLRQDO SODVWLFV SURFHVVLQJ
WHFKQLTXHVOLNHLQMHFWLRQPROGLQJRUH[WUXVLRQWKHSRO\PHUUHPDLQVLQWKHSODFHZKHUHLWLVIXVHGDQGQRSUHVVXUHLV
DSSOLHG GXULQJ ODVHU VLQWHULQJ7KH SDUWLFOHV FRDOHVFHQFH LVPDLQO\ GULYHQ E\ YLVFRVLW\ DQG VXUIDFH WHQVLRQ RI WKH
PHOW7KHVXUURXQGLQJSRZGHUDFWVDVVXSSRUWVWUXFWXUHIRUWKHIXVHGFRPSRQHQWV$IWHUWKHHQHUJ\LQSXWWKHEXLOGLQJ
FKDPEHU LV ORZHUHG GRZQ E\ WKH WKLFNQHVV RI RQH OD\HU +HQFH OD\HU E\ OD\HU D FRPSRQHQW LV JHQHUDWHG $
VFKHPDWLFGLDJUDPRIWKHVHOHFWLYHODVHUPHOWLQJSURFHVVLVVKRZQLQ)LJXUH>@
)LJ3URFHVVVFKHPHRIVHOHFWLYHODVHUVLQWHULQJ>@
6HOHFWLYH ODVHU VLQWHULQJ FDQSURFHVV DQ\SRO\PHUPDWHULDOV WKDW WHQG WR IXVHRUPHOWZKHQKHDW LV DSSOLHG >@
+RZHYHUWKHPDWHULDOVSHFWUXPVXLWDEOHIRU6/6LVOLPLWHGWRIHZWKHUPRSODVWLFSRO\PHUVOLNHSRO\FDUERQDWH3&
WKHUPRSODVWLF HODVWRPHUV WKHUPRSODVWLF XUHWKDQH 738 SRO\HWKHUNHWRQH 3(. SRO\DPLGH  3$ DQG
SRO\DPLGH  3$ /DWHO\ JUHDW HIIRUWV ZHUH PDGH WR RYHUFRPH WKLV GLVDGYDQWDJH DQG GHYHORS QHZ
QRQFRPPHUFLDO PDWHULDOV OLNH SRO\EXWK\OHQH WHUHSKWKDODWH 3%7 IRU VHOHFWLYH ODVHU VLQWHULQJ >@ +RZHYHU
DYDLODEOHPDWHULDOVFDQQRWFRPSOHWHO\PHHWWKHQHHGVRIGLIIHUHQWIXQFWLRQDOHQGXVHSDUWV&RPSRVLWHPDWHULDOVFDQ
RYHUFRPHWKLVODFNRISURSHUWLHVDYDLODEOHZLWKODVHUVLQWHUHGSDUWV
7KHUH DUH VHYHUDO DSSURDFKHV LQ OLWHUDWXUH ZKLFK WU\ WR PDQXIDFWXUH FRPSRVLWH PDWHULDOV YLD ODVHU VLQWHULQJ
0D]]ROLHWDO>@FKDUDFWHUL]HGEXONSURSHUWLHVSDUWLFOHVVL]HGLVWULEXWLRQDQGVHYHUDOSDUWSURSHUWLHVRIDFRPSRVLWH
PDWHULDOFRQVLVWLQJRISRO\DPLGHDQGDOXPLQXPSDUWLFOHV7KHDXWKRUVVXJJHVWXVLQJWKHGHYHORSHGPDWHULDOIRU
VWLIISDUWVZLWKDPHWDOOLFDSSHDUDQFH LQSURWRW\SHFRQVWUXFWLRQ >@1HYHUWKHOHVV WKHUHZDVQHLWKHUDV\VWHPDWLF
FKDQJH RI PDWHULDO SURSHUWLHV OLNH ILOOHU FRQFHQWUDWLRQ QRU D YDULDWLRQ RI SURFHVVLQJ SDUDPHWHUV WR GHWHFW EHDP
SRZGHULQWHUDFWLRQ
)RUGHUKDVHHWDO >@DQDO\]HG WKHGHSHQGHQFHRISDUWLFOH VL]HDVZHOODV ILOOHU IRUPVSKHUHVDQGILEHUVRID
JODVV ILOOHG SRO\DPLGH  SRZGHU RQ PHFKDQLFDO SURSHUWLHV $FFRUGLQJ WR WKH LQYHVWLJDWLRQ RSWLPDO JODVV ILOOHG
PDWHULDOIRU6/6DSSOLFDWLRQVLVDPL[WXUHZLWKYROXPHSHUFHQWJODVVEHDGVZLWKDPHGLDQSDUWLFOHVL]HRIP
>@([SHULPHQWDOLQFRPELQDWLRQZLWKWKHRUHWLFDOPRGHOLQJDQGQXPHULFDODQDO\VLVZHUHFRQGXFWLQ>@WRGHULYH
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RSWLPDOSURFHVVSDUDPHWHUVIRUDFRPSRVLWHPDWHULDOFRQVLVWLQJRISRO\DPLGHDQGJODVVEHDGVYROXPHIUDFWLRQ
WRSHUFHQW
.UXWK HW DO JLYHV LQ >@ DQG >@ DQRYHUYLHZRI FRPPHUFLDO ILOOHG SRZGHUV IRU VHOHFWLYH ODVHU VLQWHULQJ DQG
GHVFULEHV D QHZ JODVV ILOOHG SRO\DPLGH  SRZGHU ZKLFK KDYH D EHWWHU SHUIRUPDQFH WKDQ FRPPHUFLDO *)3$




)RU WKH H[SHULPHQWV D SRO\DPLGH  JODVV VSKHUH FRPSRVLWH LV XVHG ,Q WDEOH  DOO XVHGPDWHULDOV VXSSOLHUV







0DWHULDO 3RO\DPLGH *ODVVVSKHUHV *ODVVVSKHUHV
6XSSOLHU (26*PE+ 9HOR[*PE+ 9HOR[*PE+
7\SH 3$ 6SKHULJODVV 6SKHULJODVV
'RVDJHIRUP 3RZGHU 3RZGHU 3RZGHU
0HGLDQSDUWLFOHVL]HGPD   
%XONGHQVLW\JFPñD   











3.2. Powder Characterization  
7RJHWDQLGHDRIWKHVKDSHDQGVL]HRIWKHSRO\DPLGHSRZGHUVFDQQLQJHOHFWURQPLFURVFRS\6(0LPDJHVDUH
WDNHQ7KHUHIRUHDVFDQQLQJHOHFWURQPLFURVFRSHW\SH8OWUD3OXVIRUPWKHVXSSOLHU&DUO=HLVV$*LVXVHG
%XON GHQVLW\ SDUWLFOH VL]H GLVWULEXWLRQ RSWLFDO DQG WKHUPDO EHKDYLRU RI WKH PL[WXUHV DQG UDZ PDWHULDOV DUH
GHWHUPLQHGEHIRUHWKHODVHUVLQWHULQJSURFHVVWRPDNHDURXJKHVWLPDWLRQRIWKHSURFHVVEHKDYLRU
7KHSDUWLFOHV VL]HGLVWULEXWLRQ LVPHDVXUHGYLDRSWLFDO LPDJLQJ$FFRUGLQJ WR WKLVD VPDOODPRXQWRISRZGHU LV
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ȞXVXDOO\LQZDYHQXPEHUVFPRUZDYHOHQJWKȜXVXDOO\LQQDQRPHWHUVQP>@)RUWKHDQDO\VLVDQLQIUDUHG
VSHFWURPHWHU IURP WKH VXSSOLHU 7KHUPR6FLHQWLILF 1LFROHW ZLWK DQ'5,)76XQLW IURP3,.(7HFKQRORJLHV
'LIIXV,5LVXVHG7KHDQDO\VLVZDVFRQGXFWHGEHWZHHQZDYHQXPEHUVRIDQGFP
%HVLGHV RSWLFDO WKHUPDO SURSHUWLHV RI WKH EDVLFPDWHULDO GHWHUPLQH WKH EXLOGLQJ FKDPEHU WHPSHUDWXUH DQG WKH
SURFHVV ZLQGRZ DFFRUGLQJ WKH PRGHO RI TXDVLLVRWKHUPDO ODVHU VLQWHULQJ 7KH UDQJH RI WHPSHUDWXUHV ZKHUH WKH
FRPSRVLWHPDWHULDOLVLQDWZRSKDVHPL[WXUHDUHDPXVWEHGHWHUPLQHGE\GLIIHUHQWLDOVFDQQLQJFDORULPHWU\'6&




3.3. Processing and specimen characterization  
3.3.1. Processing  
7KH JODVV VSKHUHV ILOOHG SRO\DPLGH  PL[WXUHV DUH SURFHVVHG RQ D UHVHDUFK ODVHU VLQWHULQJ V\VWHP ZLWK WKH
SDUDPHWHUV VKRZQ LQ 7DEOH  7KH KDWFK GLVWDQFH PP DQG WKH OD\HU WKLFNQHVV ZHUH KHOG FRQVWDQW IRU HDFK
EXLOGLQJ SURFHVV 7KH ODVHU VLQWHULQJ V\VWHP LV HTXLSSHG ZLWK D &2 /DVHU ZLWK D ZDYHOHQJWK RI  P D
PD[LPXPSRZHURIZDWWVDQGDIRFXVGLDPHWHURIDSSUR[LPDWHO\P7KLVODVHUVLQWHULQJV\VWHPZDVFKRVHQ
GXH WRKRPRJHQHRXV WHPSHUDWXUHGLVWULEXWLRQRYHU WKHEXLOGLQJ VSDFH FDXVHGE\DKHDWHU V\VWHPZLWKKHDWLQJ

































    
ZLWK3/WKHODVHUSRZGHUYVWKHVFDQQLQJVSHHGDQGKVWKHKDWFKGLVWDQFH
3.3.2. Test specimen  
7RDQDO\]HWKHOD\HUWKLFNQHVVDQGWKHILOOHUGLVWULEXWLRQWKHWHVWVSHFLPHQVZHUHVLQJOHOD\HUVZLWKWKHGLPHQVLRQV
RIPP[PP7KHVHVLQJOHOD\HUVZHUHPDQXIDFWXUHGLQVPDOOEXLOGLQJFKDPEHUVVKRZQLQ)LJXUHWRQHJOHFW
WKH IDFWRUV RI SDUW SRVLWLRQ DQG WKH FRDWLQJ PHFKDQLVP 7R DQDO\]H WKH LQIOXHQFH RI HQHUJ\ LQSXW RQ WKH ILOOHU
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)LJ6PDOOEXLOGFKDPEHUVIRUWKHH[SRVXUHRIVLQJOHOD\HUV
3.3.3. Specimen characterization  
7KH OD\HU WKLFNQHVV DQG WKH ILOOHU GLVWULEXWLRQ DUH DQDO\]HG IRU WKH ODVHU VLQWHUHG VLQJOH OD\HUV RQPLFURVFRSLF
LPDJHV RI SROLVKHG FURVV VHFWLRQV$Q$[LRODQ W\SHPLFURVFRSH E\=HLVV VHUYHV WR VFUXWLQL]H WKH VSHFLPHQV LQ D
EULJKWILHOG7KHOD\HUWKLFNQHVVLVPHDVXUHGDWOHDVWRQSRVLWLRQV
7KHGH IDFWR ILOOHU FRQWHQW RI WKH VLQJOH OD\HUV LV DQDO\]HGYLD WKHUPRJUDYLPHWULFPHDVXUHPHQWVZLWK D GHYLFH
IRUP 7$ ,QVWUXPHQWV W\SH4 7KH HPSOR\HG KHDWLQJ UDWHZDV .PLQ 2QO\ WKH VSHFLPHQZLWK DPHGLDQ
HQHUJ\GHQVLW\RI-PPðZHUHWHVWHG
5HVXOWVDQG'LVFXVVLRQ
4.1. Powder Properties  
$VD ILUVWVWHS WKHEDVLFPDWHULDOFKDUDFWHULVWLFV OLNHSDUWLFOHVL]HGLVWULEXWLRQEXONGHQVLW\ WKHUPDODQGRSWLFDO
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$IWHU FKDUDFWHUL]LQJ WKHSXUHPDWHULDOV WKHPL[WXUHVDUHJHQHUDWHGE\D URWDU\PL[HU IRURQHKRXUDWUSP

















%HVLGH EXON FKDUDFWHULVWLFV RSWLFDO EHKDYLRU RI WKH SRZGHU\ JRRG LV RI PDLQ LPSRUWDQFH LQ VHOHFWLYH ODVHU
VLQWHULQJ RI WKHUPRSODVWLF SRO\PHUV 7KHUHIRUH WKH RSWLFDO EHKDYLRU RI WKH FRPSRVLWH PDWHULDO LV DQDO\]HG ZLWK
GLIIXVH UHIOHFWDQFH VSHFWURVFRS\ 7KH GLIIXVH UHIOHFWDQFH RI WKH PL[WXUHV DQG RI WKH SRO\DPLGH  SRZGHU LV
GHWHUPLQHG LQ D ZDYHQXPEHU EDQG EHWZHHQ FP DQG FP ZKLFK LV V\QRQ\PRXV WR D ZDYHOHQJWK RI
PDQGP)LJXUH7KHEODFNJUDSKUHSUHVHQWV WKHGLIIXVH UHIOHFWDQFHVSHFWUDRISRO\DPLGHDQG UHG
EOXHDQGJUHHQRQHRIWKHFRPSRVLWHSRZGHUVH[HPSODU\IRUWKHILOOHUW\SH6SKHULJODVV$WZDYHQXPEHUVDERYH
FP WKH JUDSKV DUH VKLIWHG WR KLJKHU GLIIXVH UHIOHFWDQFH ZLWK LQFUHDVLQJ ILOOHU FRQWHQW :KHUHDV IRU
ZDYHQXPEHUVEHQHDWKFPWKHGLIIXVHUHIOHFWDQFHLVUHGXFHGZLWKLQFUHDVLQJILOOHUFRQWHQW
,Q WKH FDVH RI VHOHFWLYH ODVHU VLQWHULQJ WKH GLIIXVH UHIOHFWDQFH DW WKH &2 ODVHU ZDYHOHQJWK RI P DQG
DFFRUGLQJO\FPLVRIPDLQLQWHUHVW7KHUHIRUHWKHGLIIXVHUHIOHFWDQFHLVVKRZQLQ)LJXUHDWDZDYHOHQJWKRI
PLQGHSHQGHQF\RIILOOHUFRQWHQWIRUWKHWZRW\SHVRIJODVVVSKHUHV:LWKLQFUHDVLQJJODVVFRQFHQWUDWLRQWKH
GLIIXVHUHIOHFWDQFH LV UHGXFHGDW WKHZDYHOHQJWKRIPUHVSHFWLYHO\DZDYHQXPEHURIFP7KH UHGXFHG
GLIIXVH UHIOHFWDQFH LV D KLQW IRU D KLJKHU DEVRUSWLRQ ZLWK LQFUHDVLQJ ILOOHU FRQWHQW ZKLFK OHDGV WR ORZHU HQHUJ\
GHPDQG GXULQJ H[SRVXUH FRPSDUHG WR UDZ SRO\DPLGH SRZGHU )URP YRO JODVV VSKHUHV RQ WKH GLIIXVH
UHIOHFWDQFHOLQJHUVRQDVWDEOHOHYHOQHDUWKHYDOXHVRIYROJODVVVSKHUHV$WDILOOHUFRQWHQWRIYROWKH
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PHDQV RI FDORULFPHDVXUHPHQWV7KH HIIHFW RI 6SKHULJODVV RQ WKHPHOWLQJ DQG FU\VWDOOL]DWLRQ WHPSHUDWXUH LV
H[HPSODU\GLDJUDPPHGLQ)LJXUHOHIW:LWKLQFUHDVLQJILOOHUFRQWHQWWKHFU\VWDOOL]DWLRQWHPSHUDWXUHLVGLVSODFHG
WRKLJKHU WHPSHUDWXUHV7KH VKLIWRI WKHFU\VWDOOL]DWLRQ WHPSHUDWXUH WR ORZHUYDOXHV LQDQ LQGLFDWRU IRU WKH IRUHLJQ
SDUWLFOHDFWLQJDVFU\VWDOOL]DWLRQQXFOHXV7KHPDWHULDOVPD[LPXPPHOWLQJSHDNLVIRUHDFKPL[WXUHURXJKO\WKHVDPH
7KHSHDNPD[LPXPRIWKHFU\VWDOOL]DWLRQFXUYHDJDLQVWWKHILOOHUFRQWHQWLVVKRZQIRUERWKJODVVVSKHUHW\SHVLQ
)LJXUH  ULJKW$JDLQZLWK KLJKHU ILOOHU FRQWHQW WKH FU\VWDOOL]DWLRQ WHPSHUDWXUH LV KHLJKWHQHG ,Q FRQWH[W RI WKLV
LQYHVWLJDWLRQWKHUHLVQRGHSHQGHQF\RIWKHILOOHUW\SHRQWKHFU\VWDOOL]DWLRQWHPSHUDWXUHUHFRJQL]DEOH$FFRUGLQJWR
WKH '6& DQDO\VLV WKH ZRUNLQJ SURFHVVLQJ UDQJH LV FKDQJHG GXH WR WKH DGGLWLRQ RI ILOOHUV ZKLFK PD\ OHDG WR D
PRGLILHGSURFHVVLQJEHKDYLRU
 




4.2. Specimen Properties  
,QDGGLWLRQWRWKHDQDO\VLVRIUDZDQGFRPSRVLWHSRZGHUVWKHODVHUVLQWHUHGVSHFLPHQVDUHFKDUDFWHUL]HGDFFRUGLQJ
WRWKHLUILOOHUFRQWHQWOD\HUWKLFNQHVVILOOHUGLVWULEXWLRQDQGDGKHVLRQEHWZHHQJODVVVSKHUHVDQGSRO\DPLGHPDWUL[
)LJXUH  OHIW VKRZV WKHUPRJUDYLPHWULF FXUYHV RI VSHFLPHQV SURGXFHG DW DQ HQHUJ\ GHQVLW\ RI -PPñ
H[HPSODU\IRUWKHILOOHUW\SH6SKHULJODVV'XHWRKLJKHUILOOHUFRQWHQWWKHEHJLQQLQJRIWKHGHJUDGDWLRQLVVKLIWHG
WR KLJKHU WHPSHUDWXUHV 7KH GH IDFWR ILOOHU FRQWHQW LQ YROXPH SHUFHQW LV HYDOXDWHG RQ WKH EDVLV RI WKH VSHFLILF
JUDYLWLHVRIWKHUDZPDWHULDODQGVKRZQLQ)LJXUHULJKWIRUWKHWZRW\SHVRIJODVVVSKHUHV7KHUHDOILOOHUFRQWHQW
FRLQFLGHVZLWK WKH VHW SRLQW LQ WKH FDVH RI6SKHULJODVV  )RU 6SKHULJODVV  WKH HVWLPDWHG ILOOHU FRQWHQW LV
VOLJKWO\ORZHUWKDQWKHVHWYDOXH
 




,Q DGGLWLRQ WR WKH ILOOHU FRQFHQWUDWLRQ WKH OD\HU WKLFNQHVV RI WKH VSHFLPHQV IRU VHYHUDO HQHUJ\ GHQVLWLHV ILOOHU
FRQWHQWV DQG W\SHVRIJODVV VSKHUHVZHUH LQYHVWLJDWHG)LJXUH)RU WKHDQDO\VLVRI WKH OD\HU WKLFNQHVV WKH VLQJOH







HYDOXDWLRQ RI WKH OD\HU WKLFNQHVV 8S WR  YRO WKH GLIIXVH UHIOHFWDQFH LQ )LJXUH  GHFUHDVHV DQG WKXV WKH
DEVRUSWLRQ RI ODVHU HQHUJ\ ZLWKLQ WKH EXON ULVHV ZKLFK PD\ OHDG WR KLJKHU OD\HU WKLFNQHVVHV 6SKHULJODVV 
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H[KLELWV DQ DOPRVW VLPLODU EHKDYLRU ZLWK ULVLQJ HQHUJ\ GHQVLW\ WKH OD\HU WKLFNQHVV LV LQFUHDVLQJ &RQWUDU\ WR
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7KHFRQQHFWLRQEHWZHHQWKHJODVVVSKHUHVDQGWKHSRO\DPLGHPDWUL[ LVYLVXDOL]HGLQ)LJXUHYLDVFDQQLQJ
HOHFWURQPLFURVFRS\LPDJHVRIDQHWFKHGVLQJOHOD\HUVSHFLPHQHQHUJ\GHQVLW\-PPð7KHODPHOODUVWUXFWXUH













LV DWWHQGHG E\ DQ LQFUHDVLQJ FU\VWDOOL]DWLRQ WHPSHUDWXUH GXH WR WKHPRGH RI RSHUDWLRQ RI WKH IRUHLJQ SDUWLFOHV DV
QXFOHDWLQJDJHQW7KLVPD\FDXVHGLIILFXOWLHVOLNHXQGHVLUDEOHFXUOLQJGXULQJODVHUVLQWHULQJSURFHVV
$IWHUFKDUDFWHUL]LQJWKHEXONPDWHULDOVVLQJOHOD\HUVSHFLPHQVZHUHJHQHUDWHGZLWKYDU\LQJODVHUSRZHU7KHOD\HU
WKLFNQHVV LV ULVLQJZLWK LQFUHDVLQJ ILOOHU FRQWHQW DQG HQHUJ\GHQVLW\ LQ WKH FDVHRI6SKHULJODVVXS WR D ILOOHU
FRQWHQW RI YRO )RU KLJKHU JODVV VSKHUH SHUFHQWDJH WKH PDQXIDFWXULQJ RI VLQJOH OD\HUV ZDV QRW IHDVLEOH
&RPSDUHGWR6SKHULJODVVZLWK6SKHULJODVVRQO\SRURXVQHWZRUNVFRXOGEHJHQHUDWHG7KLVHIIHFWFDQEH
WUDFNHGEDFN WR WKHKLJKHU VXUIDFHYROXPH UDWLR DQG WKXVPRUH LQWHUIDFHV WKHSRO\PHUPHOW KDV WR HQFORVHGXH WR
ORZHUSDUWLFOHVL]H
2Q WKH EDVLV RI WKLV SDSHU IXQGDPHQWDO LQWHUDFWLRQ EHWZHHQ EXON FKDUDFWHULVWLFV RI D JODVV ILOOHG FRPSRVLWH
PDWHULDO DQG ODVHU EHDP FRXOG EH GHULYHG7KHVH LQYHVWLJDWLRQV IRUP WKH EDVLV RI IXUWKHU UHVHDUFK RQ WKH DUHD RI
IXQFWLRQDOFRPSRVLWHPDWHULDOVLQVHOHFWLYHODVHUVLQWHULQJ
$FNQRZOHGJHPHQWV
7KH DXWKRUV ZRXOG OLNH WR H[WHQG WKHLU WKDQNV WR WKH *HUPDQ 5HVHDUFK $VVRFLDWLRQ ')* IRU IXQGLQJ WKH
&ROODERUDWLYH 5HVHDUFK &HQWUH  VXESURMHFW $ 7KLV VXSSRUW KDV HQDEOHG WKH LQYHVWLJDWLRQV LQ WKH DUHD RI
DGGLWLYHPDQXIDFWXULQJZKLFKKDYHOHGWRWKHUHVXOWVSUHVHQWHGLQWKLVDUWLFOH
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